Abstract. Ankylosing spondylitis (AS) is a severe chronic inflammatory disease that may ultimately result in the development of a 'bamboo-like' spine. Although the pathological changes that occur in AS have been extensively investigated, the mechanism underlying spinal fusion during AS remains elusive. Differentially expressed genes (DEGs) in paraspinal tissues from patients with AS compared with those from healthy controls were therefore investigated. Polymerase chain reaction (PCR)-based suppression subtractive hybridization was performed using total mRNA from the supraspinal ligaments of three patients with AS and three patients with spinal fractures as controls. From this, 27 genes were identified in all of the three independent forward libraries, which were defined as DEGs associated with AS. Reverse transcription-quantitative PCR demonstrated that six DEGs were overexpressed in the tissues from patients with AS compared with those from individuals in the control group, including those encoding transforming growth factor β types I and III receptor, vascular endothelial growth factor, matrix metalloproteinase-3, core-binding factor α1 and bone morphogenetic protein 2. Western blot analysis showed increased expression in all six of these proteins in the samples from patients with AS compared with those in the control groups. These findings suggested that changes in the expression of these genes and proteins are associated with the development of spinal fusion during the pathogenesis of AS. Furthermore, these genes may be novel markers of the risk of developing AS, in addition to being targets for the treatment of this disease.
Introduction
Ankylosing spondylitis (AS) is a severe chronic inflammatory disease that affects the sacroiliac joints and axial skeleton. AS is characterized primarily by inflammatory back pain, which may lead to structural and functional impairment, and ultimately the development of a 'bamboo-like' spine (1) (2) (3) . A significant proportion of AS patients are young adults. As there is currently no effective cure for this disease, morbidity from AS results in a high burden on families, as well as society in general (4, 5) .
The pathogenesis of AS is complex and remains poorly understood. Hereditary factors are hypothesized to be the primary etiological agent, although infection, metabolic disorders and autoimmune disorders may also be involved (3, 6) . The gene encoding human leukocyte antigen B27 (HLA-B27) is understood to be the most important genetic factor associated with AS (7). However, additional genes associated with an increased susceptibility to this disease have been identified. These include genes encoding HLA-B60 (8) , killer cell immunoglobulin-like receptors (9) , interleukin family members (10, 11) and tumor necrosis factor α (TNF-α) (12) . However, these genetic alterations do not fully explain the pathogenesis of AS, in particular uncontrolled bone formation and subsequent spinal fusion.
Uncontrolled bone formation occurs during the pathogenesis of AS, resulting in spinal fusion and disability (4) . Thus, spinal fusion is thought to be the most serious consequence of AS (13, 14) . A previous study identified alterations in the supraspinal ligaments of patients with AS, including irregular arrangements of collagen fibrils, degeneration of fibroblasts, significant increases in microvessel density and calcification of tissue (15) . This phenotype suggests a tendency to osteogenesis in the supraspinal ligaments of those with AS, indicating that further investigation of the molecular changes present in supraspinal ligaments may improve understanding of the pathogenesis of spinal fusion in patients with AS.
In order to assess the molecular changes associated with spinal fusion, polymerase chain reaction (PCR)-based suppression subtractive hybridization (SSH) was conducted, using supraspinal ligaments of patients with AS and from healthy controls. Differentially expressed genes (DEGs) between the two groups were identified, and the mRNA and protein expression patterns of six DEGs were determined.
Materials and methods
Clinical samples. Paraspinal tissues were obtained via spinal orthopedic surgery from six patients (four males and two females; mean age, 30.2 years) who were in the active stage of AS, according to the criteria described by the American Rheumatism Association (16) . The X-ray imaging of patients were carried out with a Definium 6000 (GE Healthcare, Wauwatosa, WI, USA). Paraspinal tissues were also obtained during reattachment surgery from three patients (two males and one female; mean age, 31.5 years) who had sustained spinal fractures. Supraspinous ligaments were carefully isolated from these tissue samples, washed with phosphate-buffered saline (0.01 mM, pH 7.2; Sangon Biotech Co., Ltd, Shaghai, China) and then immediately stored in liquid nitrogen, or fixed in 4% paraformaldehyde solution (Sangon Biotech Co., Ltd) and embedded in paraffin (Sangon Biotech Co., Ltd). The study protocol was approved by the ethics committee of Xinqiao Hospital (Chongqing, China). All patients provided written informed consent for the experimental use of the obtained materials.
Pathological assessment. Pathological assessment was performed as previously described (1, 17) . Briefly, paraffin-embedded supraspinous ligaments were cut into thin slices and stained with hematoxylin and eosin (Sangon Biotech Co., Ltd). Following dehydration, transparency and drying, all sections were evaluated by a pathologist who was blinded to patient diagnosis using a microscope (IX71, Olympus Corp., Tokyo, Japan) and Analysis FIVE software version 5.0 (Olympus Corp.).
SSH.
Frozen tissue samples were ground in liquid nitrogen and total RNA was extracted using RNAiso plus (Takara, Dalian, China). PolyA + mRNA was isolated from total RNA using PolyATract kits (Promega Corp., Madison, WI, USA). A 2-µg aliquot of each mRNA sample was used as a template in order to generate double-stranded cDNA (dscDNA) using a SMART PCR cDNA synthesis kit (Clontech, Palo Alto, CA, USA).
SSH was performed using PCR-select cDNA subtraction kits (Clontech) according to the manufacturer's instructions. Three independent SSH experiments using the AS and control samples were conducted. Briefly, forward and reverse SSH were simultaneously performed in each independent SSH experiment. During forward SSH, the dscDNA of the AS samples was set as the Tester and the dscDNA of the control samples as the Driver (Tester and Driver were set according to the instructions). For reverse SSH, the Tester and Driver dscDNAs were exchanged. Each dscDNA was digested with RsaI (Clontech), and the blunt-ended products were ligated with adaptor. The Tester and Driver were hybridized twice, with the product used as a PCR template in order to amplify differentially expressed cDNAs. Throughout the SSH procedure, the efficiency of dscDNA synthesis, RsaI digestion, adaptor ligation and subtractive hybridization were monitored according to the manufacturer's instructions.
Construction of subtracted cDNA libraries. Differentially expressed cDNAs synthesized by SSH were recycled, inserted into a pMD-19T vector (Takara) and subsequently used to transform competent Escherichia coli DH5α (Takara). The transformed cells were selected using Luria-Bertani agar plates containing ampicillin, X-gal and IPTG (Sangon Biotech Co., Ltd). Colonies containing inserts (white colonies) were assayed by colony PCR using the following procedure: Denature at 94˚C for 5 min, followed with 30 cycles (94˚C for 30 sec, 58˚C for 30 sec, and 72˚C for 30 sec). The primer pair was as follows: Nested PCR primer 1, 5'-TCGAGCGGCCGCCCGGGCAGGT-3' and nested PCR primer 2R, 5'-AGCGTGGTCGCGGCCGAGGT-3' (Clontech). The PCR products were electrophoresed on agarose gels to confirm the presence and size of the inserts prior to sequencing.
Sequencing analysis. Differentially expressed cDNA fragments from subtracted cDNA libraries were sequenced by Invitrogen Life Technologies (Shanghai, China) and the sequences were evaluated using Chromas software. Contig Express (New York, NY, USA) performed contig assembly and the obtained sequences were analyzed using the basic local alignment search tool for nucleotides (BLASTn; www.blast.ncbi.nlm.nih.gov) to search for homologous sequences. Kyoto Encyclopedia of Genes and Genomes (KEGG; http://www.genome.jp/kegg/ pathway analysis was performed in order to identify the function of the relevant genes. Only genes which were present in the results of all three independent SSH experiments were defined as DEGs and used for subsequent experiments.
Validation of mRNA expression. Total RNA samples were reverse-transcribed using the PrimeScript RT reagent kit (Takara) and cDNA samples were used as templates for reverse transrciption-quantitative PCR (RT-qPCR) using the primers listed in Table II . RT-qPCR was performed using a CFX Connect™ Cycler with SsoAdvanced™ SYBR Green supermix (Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to the manufacturer's instructions. The expression levels of each DEG were normalized to those of β-actin mRNA and calculated using the 2 -ΔΔCT method with SPSS version 13.0 (SPSS, Inc., Chicago, IL, USA) as previously described (18) .
Western blot analysis. Total proteins were extracted from frozen tissue samples using IP Cell Lysis Reagent (Beyotime, Haimen, Jiangsu, China). Proteins were separated by 10% SDS-PAGE and transferred to polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA). The membranes were blocked at 37˚C with 5% non-fat milk (Beyotime) and incubated overnight with 1:1,000 dilutions (Beyotime) of polyclonal rabbit-derived antibodies against human β-actin and vascular endothelial growth factor (VEGF; both from Beyotime), human bone morphogenetic protein 2 (BMP-2) and matrix metalloproteinase-3 (MMP-3; both from Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and core binding factor-α1 (Cbf-α1), human transforming growth factor-β type I (TBRI) and TBRIII (all from Cell Signaling Technology, Inc., Danvers, MA, USA). The blots were washed with PBS containing 0.5% Tween-20 (Sangon Biotech Co., Ltd) and incubated with secondary goat anti-rabbit or anti-mouse immunoglobulin G antibodies (Beyotime; 1:10,000). Protein bands were visualized with the SuperSignal West Pico chemiluminescence substrate (Thermo Pierce, Rockford, IL, USA) using a ChemiDoc XRS Gel Imaging System (Bio-Rad Laboratories, Inc.).
Statistical analysis. The levels of mRNA expression are presented as the mean ± standard deviation and were compared using Student's t tests using SPSS version 13.0 (SPSS, Inc.). P<0.05 was considered to indicate a statistically significant difference.
Results
Pathological changes in supraspinal ligaments. Pelvic X-ray images of a patient with AS demonstrated typical spinal fusion (Fig. 1A) . The pathological changes in the supraspinal ligaments of patients with AS, which were subsequently used in the SSH experiments, and in control patients with spinal fractures were examined by light microscopy. Histological examination demonstrated that the collagen fibrils of control ligaments were regularly arranged and filled with diffuse extracellular matrix, with spindle-like fibroblasts running parallel to these fibrils (Fig. 1B) . By contrast, the collagen fibrils of ligaments from patients with AS were irregularly organized and did not contain extracellular matrix. Furthermore, fewer fibrils were observed in these samples, in which there was also evidence of hyaline degeneration (Fig. 1C) .
Efficiency of SSH.
The efficiency of each SSH experiment involving glyceraldehyde 3-phosphate dehydrogenase (G3PDH) cDNA, was tested by quantitative comparison of subtracted and unsubtracted cDNA. PCR products were detectable following 25 cycles in the AS unsubtracted sample, compared with >10 cycles in the forward subtracted sample ( Fig. 2A) . Similarly, G3PDH PCR products were detected following 25 cycles in the unsubtracted control sample, whereas >10 cycles were required in the reverse subtracted sample (Fig. 2B) .
Characterization of the subtracted cDNA libraries. Two cDNA libraries, forward and reverse, were constructed by PCR-based SSH from the supraspinal ligaments of patients with AS and control patients in each independent SSH experiment. On average, ~200 differentially expressed cDNA fragments from the forward subtracted cDNA library and ~150 from the reverse library were identified in each SSH experiment. Prior to sequencing, all clones were isolated and assayed by colony PCR for the presence of cDNA inserts and in order to estimate the size of each product. In the SSH experiments under optimized conditions, a total of 212 clones, 153 from the forward and 59 from the reverse libraries, were isolated and sequenced, with insert sizes ranging from 67 to 839 bp. Following removal of the vector sequences and low-quality expressed sequence tags (ESTs), the average available sequence was ~319 bp in length.
The cleaned ESTs of each SSH experiment were subsequently assembled. Using the BLASTn tool, all sequences from forward or reverse libraries demonstrated significant similarity with genes from the GenBank database (http://www.ncbi.nlm. nih.gov/genbank/). A total of 27 DEGs were presented in all of the three forward libraries. All of these were functionally annotated in the KEGG; http://www.genome.jp/kegg/ online server. These genes are thus candidate DEGs associated with AS, and are listed in Table I . 
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Confirmation of differentially expressed mRNA. In order to confirm the differential gene expression pattern in supraspinous ligaments from patients with AS, six upregulated DEGs were selected based on functional annotations. Although inflammation-associated genes, including tumor necrosis factor α (TNF-α), interleukin-1β (IL-1β) and interleukin 23 receptor (IL-23R) are hypothesized to be involved in the pathogenesis of AS (19, 20) , the present study focused on spinal fusion rather than inflammation. Primers for these genes were designed using Primer Premier 5 software (Table II) . Reverse transcription-quantitative PCR (RT-qPCR) analyses of the same AS and control samples as those used for SSH experiments were performed in order to quantify the expression of mRNAs encoded by the candidate genes. Theoretically, the expression levels of expression of each candidate gene would be higher in the samples from patients with AS than those in the samples from control patients. RT-qPCR analyses showed that, in accordance with the results of the SSH experiments, the levels of mRNAs encoding the six proteins TBRI/III, VEGF, MMP-3, Cbf-α1 and BMP-2 Quantitative western blot analyses of identified differentially expressed genes in supraspinal ligaments from patients with AS and control subjects. Total protein was extracted from supraspinal ligaments of six patients with AS and three patients with spinal fractures. Equal quantities of total protein were loaded onto each lane and the subsequent blots probed with antibodies to TBRI, TBRIII, Cbf-α1, MMP-3, VEGF and BMP-2, and normalized relative to the expression of β-actin. A blot representative of three independent experiments is shown. TBRI/III, transforming growth factor β type I/III; VEGF, vascular endothelial growth factor; MMP-3, matrix metalloproteinase-3; Cbf-α1, core binding factor-α1; BMP-2, bone morphogenetic protein 2; AS, ankylosing spondylitis.
were significantly increased in AS samples as compared with those in the control samples (Fig. 3) .
Confirmation that the encoded proteins are differentially expressed. In order to further investigate the expression of these six DEGs, western blot analysis was conducted using total protein extracted from the supraspinal ligaments of the six patients with AS and three control subjects. An increased expression of all six proteins was detected in the samples from patients with AS as compared with those in the three controls (Fig. 4) . Furthermore, these proteins were not detected at all in the control samples, although their mRNA was present at low levels. These results indicated that TBRI, TBRIII, VEGF, Cbf-α1, BMP-2 and MMP-3 proteins are abundantly expressed in the supraspinal ligaments of patients with AS.
Discussion
Chronic inflammation, back pain, bone erosion and syndesmophyte formation are characteristic features of AS (6, 21) , with bone formation and subsequent spinal fusion being fundamental causes of AS-associated disability. Whilst histopathological changes have been observed in the spinal tissues of patients with AS (1, 5, 17) , the molecular mechanisms underlying spinal fusion remain elusive. There are currently no available methods of reversing the process of spinal fusion, with the exception of orthopedic spinal surgery.
PCR-based SSH, which is distinct from microarray technology, is a rapid and sensitive method for the identification of DEGs. SSH directly provides partial sequences of DEGs, including scarce or novel genes. Genes that were differentially expressed in the supraspinous ligaments of AS compared with those of control patients were identified using SSH. The three forward libraries yielded 27 genes defined as DEGs in the AS samples. While the association between HLA-B27 and AS was identified in patients aged >30 years (7), it was not detected in AS supraspinous ligaments via SSH. However, differential expression of inflammation-associated genes, including IL-1β, TNF-α and IL-23R, which are hypothesized to be associated with the development of AS (20, 22) , was detected. RT-qPCR and western blot analyses identified six candidate proteins, TBRI, TBRIII, VEGF, MMP-3, Cbf-α1 and BMP-2, as being associated with AS, but not inflammation, and contributing to spinal fusion.
Members of the TGF-β superfamily are known to be important regulators of cell proliferation, differentiation, morphogenesis, apoptosis cancer and heritable disorders (23) . TGF-β was shown to promote downstream signaling pathways through three cell surface receptors: TBRI, TBRII and TBRIII. TBRI and TBRII were identified as serine/threonine kinases. Following ligand binding, TBRI recruits TBRII and the two receptors form a stable heteromeric complex on the cell surface. TBRII phosphorylates and activates TBRI (24) . TBRIII is an abundant cell surface proteoglycan, characterized as a ubiquitously-expressed transmembrane receptor that acts as a TGF-β and inhibin receptor (25) . TBRIII has a large extracellular domain, which tightly binds TGF-β with a high affinity (26) . TBRIII regulates TGF-β signaling by presenting it to the activated TBRI/TBRII complex. The present study demonstrated that TBRI and TBRIII were highly expressed in the supraspinal ligaments of patients with AS, compared with those from control patients, suggesting that there is excessive activation of TGF-β signaling within AS tissues. This increase in activation may contribute to uncontrolled bone formation and spinal fusion.
TBRIII also acts as a BMP-2 co-receptor, increasing the quantity of BMP-2 that binds to the BMP signaling receptors, activin-like receptor kinases 3 (ALK3) and ALK6 (26) . BMP-2 is an essential regulator of bone development and facilitates osteoblastic differentiation and bone formation (26) . Of note, BMP-2 and TBRIII were highly expressed in all of the AS samples examined, indicating that excess activation of the BMP-2/TBRIII pathway may be a bone morphogenetic mechanism that contributes to spinal fusion in patients with AS.
Cbf-α1 is an important osteoblast-specific transcription factor that may differentially activate osteoblasts during embryonic development (27) . In the absence of Cbf-α1, osteoblast differentiation and bone development have been shown to be limited (28) . The present study demonstrated that the levels of Cbf-α1 mRNA and protein were markedly higher in AS than those in control samples, suggesting that Cbf-α1 may contribute to spinal fusion in patients with AS.
During skeletal development, bone formation is known to be coupled to angiogenesis (29) . VEGF is an endothelial cell growth factor, which is an early marker of angiogenesis and also a marker of bone formation (30) . The present study showed that VEGF expression was higher in the samples from patients with AS than that in control samples, indicating that VEGF may also contribute to spinal fusion.
The present study demonstrated that the expression of MMP-3 mRNA and protein was higher in AS samples than that in control samples. MMP-3 has been shown to be an important mediator of bone matrix and cartilage damage (31) . Recent reports have suggested that MMP-3 may also serve as a biomarker with which to assess disease activity in patients with AS (32) , and for monitoring the response of patients to drug treatment in clinical practice (33) . Damage to articular surfaces and cartilage that occurs in spinal joints are considered to be the significant degenerative changes during the early pathogenesis of spinal fusion (3) . Although, to the best of our knowledge, there is no evidence to suggest that MMP-3 primes bone formation, it may participate in the process of spinal joint damage, thereby contributing to spinal fusion during the development of AS.
In conclusion, the present study isolated six DEGs, namely TBRI, TBRIII, VEGF, MMP-3, Cbf-α1 and BMP-2, in the supraspinal ligaments of patients with AS. These six DEGs were hypothesized to be potential osteogenic factors associated with excessive bone formation during AS. Further investigations are required in order to determine whether any of these genes participate in bone formation and subsequent spinal fusion during the pathogenesis of AS.
